The palmaris brevis (PB) is a small muscle of variant morphology located on the ulnar aspect of the palm, superficial to the hypothenar eminence. Functionally, the PB has been proposed to protect the neurovasculature of the ulnar canal from compressive forces during repetitive or intermittent trauma associated with grasping. Although PB function has been inferred from cadaveric observations, it is unknown whether it has the contractile capacity and fatigue-resistance necessary to withstand these functional demands. Insight into the functional specialization of the PB can be provided through investigating the proportions of type I and type II muscle fibers by staining for myosin heavy chain (MHC) isoforms using immunohistochemical methods. Therefore, the purpose of this study was to quantify the proportion of type I and type II muscle fibers to provide insight into the role of the PB in palmar function based on its gross histological structure. Sixteen PB specimens were harvested from the hands (eight right, eight left) of eight formalin-embalmed cadavers (mean age: 75 AE 14 years; three males, five females). PB muscle composition was determined by labeling serial cross-sections with MHC type I and type II monoclonal antibodies. The results indicate that the PB is primarily composed of type I muscle fibers (72.2 AE 13.7%), with no significant differences between left and right hands. Given the predominance of type I muscle fibers, our findings indicate the PB may be fatigueresistant and thus, capable of contracting for prolonged durations. This supports cadaveric observations indicating that the PB functions to protect the ulnar neurovasculature of the palm by providing a muscular barrier in addition to serving as a functional anchor to the hypothenar fat pad when objects are firmly compressed into the palm.
Introduction
The palmaris brevis (PB) is a small muscle located superficial to the hypothenar eminence in the ulnar aspect of the palm. Its morphology is variable and can be classified as either developed or regressive in form based on the course and arrangement of the muscle fibers present (Przystasz, 1977) . Despite its variability in morphological appearance, the PB is rarely (~3%) absent in humans (Przystasz, 1977) . Moreover, the PB is among several subcutaneous muscles considered to be atavistic remnants of the panniculus carnosus, an extensive sheet of skeletal muscle found in animal species used to remove noxious stimuli on the skin such as insects and birds (Bergman et al. 1985) . In humans, other remnants of this muscle layer include the facial muscles, corrugator cutis ani, and the dartos muscle of the scrotum (Patil, 2013) . Several proposed functions of the PB include deepening the palm to aid in palmar grip (Standring, 2008; Moore et al. 2014) , preventing displacement of the hypothenar fat pad during compressive grasping tasks (Kirk, 1924) and protecting the ulnar nerve and artery at the wrist when grasping hard objects (Henle, 1855; Shrewsbury et al. 1972; Przystasz, 1977) . Shrewsbury et al. (1972) proposed that the PB is protective of the ulnar neurovasculature during prolonged palmar compression or intermittent trauma. This is a reasonable hypothesis based on previous cadaveric studies investigating PB gross morphology; however, no studies have investigated its tissue architecture to further characterize its functional capabilities. Thus, it remains unknown whether the PB has the contractile or metabolic capacity to support these functional demands.
Intramuscular electromyography (EMG) is a useful technique to provide insight into the functional specialization of palmar musculature by recording muscle activation patterns during movements. The abductor pollicis longus and brevis are among several palmar muscles that have been investigated using this technique (Vanoudenaarde & Oostendorp, 1995) ; however, EMG investigations of the PB have been limited to clinical investigations characterizing PB spasm syndrome in patients (Serratrice et al. 1995; Iyer, 1998; Liguori et al. 2003; Tarsy et al. 2004; Eswaradass et al. 2014) . As an alternative to EMG, functional insight into the contractile and metabolic capabilities of a skeletal muscle can be achieved by characterizing the muscle fiber-type composition by staining for myosin heavy chain (MHC) isoforms of constituent muscle fibers using immunohistochemical methods.
In human muscle, the three major fiber types are classified as type I, type IIa and IIx, and can be further subclassified into hybrid fibers, in which two MHC isoforms are co-expressed within a single muscle fiber (i.e. MHC type I/IIa and MHC type IIa/IIx) (Scott et al. 2001; Pette & Staron, 2000) . The ability of skeletal muscle to adapt to a variety of functional demands is due to its heterogeneous fiber-type composition, and the mechanical and metabolic properties of each muscle fiber (Staron, 1997) . Type I muscle fibers have an oxidative metabolism, slow shortening speed, and are fatigue-resistant, whereas type II muscle fibers have a glycolytic metabolism, fast shortening speed, and are susceptible to fatigue. Determining the fiber-type composition of the PB will provide indirect insight into its contractile and metabolic capacity and its proposed protective role during prolonged palmar compression. If the PB is capable of protecting the ulnar neurovasculature at the wrist during prolonged palmar compression, we expect to observe a large proportion of type I muscle fibers, thereby imparting fatigue-resistant properties. Therefore, the purpose of this study was to quantify the proportion of type I, type II and hybrid fibers using immunohistochemistry to provide insight into PB in palmar function based on its histological structure.
Methods

Cadaveric specimens
Sixteen PB specimens were harvested from the hands (eight right, eight left) of eight embalmed cadavers (Mean age: 75 AE 14 years; three males, five females). Cadaveric specimens were obtained from the body bequeathal program at the University of Western Ontario, London, ON, Canada, and approved for research use by the Committee for Cadaver Use in Research (REF#: 21092016). The cadavers received through the body bequeathal program are typically embalmed within 24 h postmortem. To ensure muscle fiber type proportions were not influenced by other comorbidities such as disease, the cadaveric specimens were excluded from the investigation based on the following criteria: presence of a neuromuscular disease indicated in the cause of death report, and visible evidence of finger deformation indicating presence of rheumatoid or osteoarthritis.
PB morphological variant classification
The dissected palms of each cadaveric specimen were photographed and their PB morphology was classified, prior to tissue harvesting, based on the criteria proposed by Przystasz (1977) . A single investigator with extensive experience in palmar dissection was responsible for classifying the morphological variants. These morphological forms were categorized based on the following specific features: a single muscular plate with fibers arranged in parallel or in fan-shaped arrangement (Type A); intermittent muscle bundles divided into two to four parts (Type B); a rudimentary form with one to three fibers embedded in adipose tissue (Type C); or a chaotic fiber arrangement interspersed with adipose tissue (Type D). As per Przystasz (1977) , the specimens were further grouped based on these morphological variants into developed (Types A & B) and regressive forms (Types C & D).
Immunohistochemistry
Whole muscle PB tissues were excised from their origin and insertions at the palmar aponeuroses and hypothenar fascial insertions, respectively. The PB specimens were carefully trimmed to remove excess adipose and connective tissues surrounding the muscle fibers. Upon harvesting, the PB tissue samples were immediately immersed in a 10% formalin solution for a minimum of 24 h prior to processing and paraffin embedding. PB specimens were serially sectioned at a thickness of 5 lm using a microtome (Microm HM-325). All sections were heated to 37°C for a minimum of 12 h, and then stained using standard immunohistochemical procedures. Antigen retrieval was performed in citrate buffer (pH 6.0) in a de-cloaking chamber before blocking with 10% horse serum. Slides were incubated with mouse monoclonal antibodies specific to either MHC type I (SigmaAldrich NOQ7.5.4D) or MHC type II (Sigma-Aldrich MY-32) at a dilution of 1 : 3200 for 1 h at room temperature, as established by preliminary titrations. The antibodies NOQ7.5.4D and MY-32 label type I (slow-twitch) fibers and all type II (i.e. type IIa and IIx) (fast-twitch) fibers, respectively. The application of the secondary antibody was completed using an ImmPRESS Anti-Mouse Ig Peroxidase Polymer Detection Kit (Vector Laboratories, Cat. No. MP-7402) and was then labeled with DAB (DAB Peroxidase Substrate Kit, 3,3 0 -diaminobenzidine, Vector Laboratories, Cat.
No. SK-4100). All sections were counterstained using hematoxylin. Specimen-matched negative control sections underwent identical procedures, save for the application of the primary antibody. Positive controls for the experiments were performed using a section of the soleus muscle (a known MHC-type I dominant muscle), and triceps brachii muscle (a known MHC-type II dominant muscle).
Image acquisition and muscle fiber quantification
Images of the PB tissue sections were captured with a 14-megapixel digital USB microscope camera (OMAX, model: A35140U3) attached to a Leitz Laborlux S microscope. Highresolution images were saved in a .tiff file format using TOUPVIEW computer software (OMAX, Ver. X64, 2.7.5849). Two to three sites from each slide were imaged at 409 magnification such that a minimum of 1500 representative muscle fibers were imaged for analysis per specimen. PB muscle fibers were quantified using the counting tool in Adobe PHOTOSHOP CC software (2015.5.0 Release). The PB serial cross-sections were compared side-by-side to classify each muscle fiber into one of three categories: type I, type II and hybrid fibers ( Fig. 1) . First, PB muscle fibers co-expressing both MHC type-I and MHC type-II isoforms (hybrid fibers) were identified and quantified using the counting tool. Secondly, muscle fibers that stained positive for only MHC type-II (type II fibers) were quantified. Finally, the remaining fibers staining positive for MHC type-I only (type I fibers) were quantified. Due to gross morphological differences among the PB forms, an inherently smaller whole muscle tissue volume was obtained when harvesting the regressive form. Therefore, in each PB specimen, the proportion of each fiber type was calculated as a percentage by dividing the fiber number of each fiber type (type I, type II, hybrid) by the total number of muscle fibers counted in the histological section to normalize the values for statistical analysis.
Statistical analysis
All data handling and calculations were performed using EXCEL (Version 2016, Microsoft Corporation). Statistical tests were completed using SPSS statistical software (Version 24, SPSS Inc., Chicago, IL, USA) and power was determined with G*POWER (v 3.1.9.2). To determine whether the percent of muscle fiber types present in the PB specimens differed by fiber type (i.e. type I, type II or hybrid) and/or by hand (left vs. right) a two-way analysis of variance (ANOVA) was used with power (1 -b = 0.8, a = 0.05) to detect a large effect size. Similarly, a two-way ANOVA was performed to explore whether the proportion of muscle fibers types differed between Type A and B morphological variants of the PB. A Bonferroni correction was used to account for multiple comparisons. All descriptive statistics are presented as means AE SD. 
Results
Morphological classification
Of the 16 PB muscles harvested, 14 (87.5%) were classified as developed forms (Type A: 8; Type B: 6). Regressive forms consisting of poorly developed muscles were observed in two (12.5%) PB specimens harvested from the hands of a single cadaver (Type C). Of the 16 specimens, there were no PB morphological variants with a chaotic fiber arrangement (Type D). Exemplar PB morphological forms can be seen in Fig. 2 .
Muscle fiber quantification
A total of 44 624 PB muscle fibers (left hands: 20 473 fibers; right hands: 24 151 fibers) were examined throughout the histological sections. Of these, 32 005 were type I, 5 585 were type II, and 7 034 were hybrid muscle fibers. Using a two-way ANOVA, the effect of fiber type and hand on the proportion of muscle fibers was examined. An analysis of simple main effects revealed a significant difference in the proportion of each fiber type within the PB (F 2,42 = 119.7, P < 0.025), but also showed no difference in the proportion of fiber types between the left and right hands; no interaction effect was observed. A post hoc analysis (Tukey's HSD) indicated the proportion of type I fibers (mean = 72.2 AE 13.7%, range = 54.4-96.7%) was significantly different (P < 0.025) than the type II (mean = 12.0 AE 11.2%, range = 0.04-32.0%) and hybrid fibers (mean = 15.8 AE 10.7%, range = 2.9-37.3%). The results of the statistical analysis are shown graphically in Fig. 3 .
To examine whether the proportion of the three fiber types differed between morphological variants (i.e. Type A and B morphologies as described by Przystasz, 1977) , a two-way ANOVA was performed. No significant interaction was observed and analysis of the simple main effects for morphological variants was not significant (F 1,38 = 0.013, P > 0.025), indicating no difference between the percentages of type I, type II and hybrid fibers among specimens with Type A and B morphology. Because only two Type C variants were identified, they were not included in the present statistical analysis. Still, these specimens exhibited a predominance of type I fibers (78 and 81%) in comparison with type II (19 and 5%) and hybrid (3 and 15%) fibers in the left and right hands, respectively. These findings indicate the PB is predominantly composed of type I fibers, irrespective of hand or variant morphology. 
Discussion
The palmaris brevis in humans is a unique muscle due to its palmar location, variant morphology (Przystasz, 1977) and its proposed functionality for improving palmar grip (Kirk, 1924) in addition to possibly protecting the ulnar neurovasculature at the wrist (Shrewsbury et al. 1972 ). In the present study, 16 specimens were histologically examined to perform the first quantification of fiber type proportions in the human PB muscle. Importantly, an understanding of the proportion of fiber types constituting the PB provides insight into its potential role protecting the ulnar neurovasculature during prolonged palmar compression. Using immunohistochemistry, it was found that a predominance of type I fibers was present in all PB specimens, irrespective of the hand (side) or morphological variant investigated.
The finding of a predominant type I muscle fiber-type composition in human skeletal muscle is not unique to the PB. Muscles demonstrating a similar predominance (e.g. > 60%) of either type I or type II muscle fibers have been observed in muscles of the face, hand and the lower limb (Table 1) . Another palmar muscle, the adductor pollicis, has a relatively homogeneous fiber-type composition (> 80% type I) and shares a similar innervation, albeit by different branches of the ulnar nerve (Round et al. 1984; Moore et al. 2014) . Unlike the adductor pollicis and other intrinsic muscles of the hand, the PB does not act upon a joint and thus is not required to generate large forces for gross movements. PB muscle fibers are uniquely orientated and are arranged perpendicular to the hypothenar muscles. When contracted, the PB will produce a visible dimpling of the skin on the ulnar aspect of the palm due to its anatomical insertion into the skin and hypothenar fascia. Thus, the PB must only generate enough force to draw the skin and fascia of the hypothenar eminence radially through its distinct tendinous insertions. Based on the predominant type I muscle fiber composition (> 70%) of the PB observed in this study, the metabolic properties associated with this fiber type would confer a fatigue-resistant property to this muscle. This would prevent unwanted displacement of the hypothenar fat pad due to muscular fatigue during repetitive or prolonged palmar contractions. In addition to this function, it has been suggested that by anchoring the large hypothenar fat pad, the PB-hypothenar fat pad complex could protect the ulnar neurovasculature at the wrist when objects are firmly compressed into the palm (Henle, 1855; Kirk, 1924; Shrewsbury et al. 1972) or during prolonged sustained grasping tasks. Importantly, the predominance of type I fibers in the PB observed in the present study supports the fatigue-resistant and protective functions proposed in the previous literature.
The PB is among several cutaneous skeletal muscles that insert into the skin, such as the platysma, orbicularis oculi and oris (Goodmurphy & Ovalle, 1999; Stal et al. 1990) , and corrugator supercilii muscles (Goodmurphy & Ovalle, 1999) . Despite sharing a similar classification with the PB as discrete muscular remnants of the panniculus carnosus (Bergman et al. 1985; Patil, 2013) , the facial muscles have a predominance of type II muscle fibers (> 70%); a property that indicates divergent functions compared with the PB itself ( Table 1 ). The facial muscles are generally prone to fatigue (Brach & VanSwearingen, 1995) , as experienced when one finds it increasingly challenging to hold a prolonged smile when posing for a photographic portrait. The disparate muscle fiber composition between muscles (Table 1) demonstrates how the muscle fiber composition can reflect overall muscle function. Compared with the facial muscles, a postural leg muscle such as the soleus is fatigue-resistant because it is chronically activated in both locomotion and quiet stance (Honeine et al. 2013 ). This function can be inferred from its predominate proportion of type I muscles fibers (Table 1) . Therefore, in some skeletal muscles, the muscle fiber composition can yield valuable insight into muscle function based on the fiber-type composition alone. In our study, we found that type II muscle fibers accounted for only 12% of the total muscle fibers quantified in both the left and right hands. Because the MY-32 antibody stains for all MHC type II isoforms, we could not further distinguish type IIa or IIx fibers in our histological sections. However, because the type I muscle fibers accounted for > 70% of the total muscle fibers, it was not necessary to further investigate the proportion of MHC type II isoform subtypes.
Fiber type co-expression (hybrid fibers) can occur due to either cycles of collateral reinnervation and denervation associated with human aging (Andersen et al. 1999; Rowan et al. 2012) , or alterations in neural stimulation to the muscle fibers (Pette & Staron, 2000) . It has been established that the transition of MHC isoforms is ordinal, such that two 'neighboring' MHC isoforms (e.g. MHC I/IIa or MHC IIa/IIx) are usually co-expressed within a single muscle fiber (Scott et al. 2001) . We observed mixed fibers staining positive for both MHC type I and MHC type II on serial cross-sections, which were classified as hybrid fibers likely containing MHC type I and type IIa isoforms (Fig. 1) . The high mean age (75 AE 15 years) of the cadavers used in this study may explain the proportion of hybrid fibers detected in our PB tissue sample. To determine whether the MHC co-expression observed in the PB tissue is agerelated or an inherent phenotype of the muscle, further investigation of younger PB tissues are required. Although the presence of hybrid fibers may be indicative of alterations in neural stimulation, aging or other potential factors, only a small number of hybrid fibers were observed and they contributed a relatively small percentage to the total fiber number (14 and 17%) in the left and right hands, respectfully.
The proportion of type I and type II muscle fibers within a skeletal muscle can vary based on depth of sampling (Johnson et al. 1973; Elder et al. 1982) , muscle width (Dittert & Bardosi, 1989) or between architecturally distinct regions ). In the histological preparation shown in Fig. 1 , type I fibers were distributed throughout both the peripheral and central regions of the muscle, whereas type II and hybrid fibers were mainly located in the central regions; however, this was not a consistent finding in all the histological preparations. The fiber-type distribution within individual fascicles is dependent upon several physiological and mechanical factors such as vascular supply, muscle activation patterns and differential mechanical stresses experienced by superficial and deeper muscular portions (Sjostrom et al. 1986 ). Further study is needed to examine whether regional differences (e.g. proximal vs. distal segments; superficial vs. deep regions) in muscle fiber-type proportions exist within the PB tissue volume. Although investigation into functionally distinct regions within the PB would be valuable, the primary focus of this study was to determine the overall fiber-type composition indicative of the whole PB tissue volume.
We further investigated whether the fiber-type composition varied between two groups of developed PB morphological forms identified in our sample. When grouped by morphological variant (Types A and B), there were no apparent differences in the proportions of type I, type II and hybrid fibers between these developed forms. Furthermore, the regressive form observed in the hands of the single cadaveric specimen had a similar mean percentage of type I muscle fibers (78% left hand, 80% right hand) proportional to the developed forms found in the other cadaveric specimens. Therefore, it appeared the PB morphological variant had no bearing on the muscle fiber-type composition. Although we observed no significant differences in fiber-type composition between left and right hands, and PB developed forms, the lack of apparent differences in these measures could be explained by the relatively small sample of PB tissues harvested. It is possible that a larger sample size might help solidify these observations, in both dominant and regressive forms, thus allowing for a more comprehensive analysis and potential comparisons in fiber-type composition between males and females. Nevertheless, the present study results indicate that muscle fibers of the regressive PB forms have the same fatigueresistance as the developed PB forms but a reduced functional capacity due the relatively few muscles fibers present. Kirk (1924) postulated that the PB functions to anchor and stabilize the hypothenar fat pad during palmar grasping; however, a sufficiently large muscle tissue mass is likely necessary for supporting the hypothenar fat pad and resisting compressive forces incurred at the hypothenar eminence. In our sample, the developed PB muscles covered a broad area from the pisiform bone to an area approaching the transverse palmar crease, which would provide a large coverage area for support of the hypothenar fat pad located superficially. Although some developed PB morphological forms can appear divided into various discrete muscle fiber bundles (Fig. 2) , the range of muscle separation is only 1-5 mm based on cadaveric observations (Shrewsbury et al. 1972) . Therefore, the overall functionality of the PB specimens with divided musculature is likely similar to those found in solid muscular plates.
Implications in palmar function
The regressive form in our sample was limited to the region near the pisiform bone and likely had minimal functionality in anchoring the hypothenar fat pad or providing any meaningful protection to the ulnar neurovasculature when subjected to palmar compressive forces (Fig. 2) . This is consistent with Przystasz (1977) , who suggested the PB regressive forms likely provide no functional contribution to stabilizing the hypothenar fat pad or resisting compressive forces when grasping hard objects. We observed the PB developed forms with equal frequency between hands; however, Przystasz (1977) found the PB developed forms occurred more frequently in the right hands (70%) compared with the left hands (38%) using a large sample of 101 upper limbs. Although we observed different proportions of developed to regressive PB forms from the aforementioned study, we cannot discern from cadaveric examinations whether handedness influences the morphological form present. Therefore, further studies are necessary to determine whether PB morphology is related to handedness and whether the presence of a regressive form causes a predisposition to ulnar nerve compression-related injuries.
Conclusions
Although the PB is a relatively small muscle of variant morphology, its location at the hypothenar eminence conveys potential functionality in both protecting and supporting the ulnar neurovasculature and hypothenar fat pad from overlying compression. The predominant type I muscle fiber composition supports the hypotheses that the PB has a protective capacity during repetitive or prolonged grasping tasks based on the overall fatigue-resistance imparted by the proportionally dominant type I muscle fiber-type composition.
